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Follicular papilla (FP) cells, but not their closely related dermal ﬁbroblasts, can maintain hair growth suggesting
cell type-specific molecular signals. To deﬁne the molecular differences between these two cell types, we gen-
erated a subtraction complementary DNA (cDNA) library highly enriched in FP-specific cDNA. Differential screening
identiﬁed FP-1 as the most abundant cDNA sequence in this subtraction library. FP-1 message RNA is highly
abundant in cultured rat vibrissa FP cells, can be detected at very low levels in the stomach and the ovary, and is
undetectable in cultured dermal ﬁbroblasts and in 16 rat non-follicular tissues. The full-length, 2.3 kb FP-1 cDNA
encodes a protein of 549 amino acids harboring a signal peptide, collagen triple helix repeats, and an olfactomedin-
like domain. Monospecific rabbit antibodies to FP-1 recognize in cultured FP cells a single  72 kDa glycoprotein
with a  60 kDa protein core. FP-1 protein is expressed in vivo in a hair cycle-dependent manner, as it can be
detected in FP during anagen, but not in catagen and telogen phases of the hair cycle. FP-1 is presumably a highly
specific extracellular matrix protein synthesized by FP cells and may be involved in the organization of FP during
certain phases of normal or pathological hair growth.
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The hair follicle is a dynamic structure undergoing cyclic
changes, including anagen (an active growing phase), cata-
gen (a regressing or degenerating phase), and telogen (a
resting phase) (Muller-Rover et al, 2001). The interactions
between follicular epithelial cells and a group of specialized
mesenchymal cells, known as follicular papilla (FP), are in-
volved in the development and the maintenance of hair fol-
licles. FP cells are derived from a group of fibroblast-like
cells that form a condensation beneath the presumptive
epidermis at the beginning of the embryonic follicle devel-
opment (Hardy, 1992). Existing evidence indicates that FP
plays a key role in controlling hair growth: (i) The size of FP is
proportional to the size of the follicle epithelial matrix, and
the diameter and the length of the hair fiber (Van Scott and
Ekel, 1958; Ibrahim and Wright, 1982; Elliott et al, 1999). (ii)
The upward movement of FP during the catagen phase
appears to be crucially important for the follicle to enter into
the next growing phase. In the hairless mutant mouse (hr/
hr), failure of the FP to ascend upward at the end of the first
hair cycle abolishes subsequent hair cycles and leads to
complete hair loss in adult mice (Montagna et al, 1952). (iii)
Oliver et al have shown that if one surgically removes the
lower one-third of the rat vibrissa follicle, the surrounding
connective tissue sheath can give rise to a new, regener-
ated FP, and the follicle will survive. But if one removes more
cells amounting to the loss of the entire lower one-half of the
follicle, FP cannot be regenerated and the follicle die (Oliver,
1966). Implantation of a new FP or a pellet of young pas-
sage cultured FP cells, but not regular skin fibroblasts, can
rescue such a damaged follicle (Oliver, 1967; Jahoda and
Oliver, 1984). Like the vibrissa, the human follicle has also
been shown to be able to regenerate an active bulb after
follicular amputation (Kim and Choi, 1995). (iv) When cul-
tured keratinocytes were combined with FP cells and graft-
ed onto a nude (athymic) mouse, hair follicles were
generated; however, no hair was formed when cultured
keratinocytes were mixed with dermal fibroblasts (Kami-
mura et al, 1997). (v) Jahoda et al (2001) showed trans-
species hair induction by human scalp FP cells. Taken to-
gether, these results clearly demonstrate that FP cells, but
not their closely related dermal fibroblasts, have at least two
functions, i.e., inducing a new down-growth of follicular ep-
ithelial cells during anagen, and supporting the proliferation
and/or viability of the epithelial matrix.
Given the important roles of FP in regulating hair growth,
we set out to identify FP-specific genes. There is abundant
evidence that every specialized somatic cell in the body
synthesizes a set of tissue-specific genes that are respon-
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sible for the specialized functions of that cell type. Exam-
ples of these include the specific keratins 3 and 12 of cor-
neal epithelium (Sun et al, 1984; Schermer et al, 1986;
Chaloin-Dufau et al, 1990), uroplakins of urothelium (Wu and
Sun, 1993; Lin et al, 1994; Yu et al, 1994; Sun et al, 1999),
albumin, transthyretin, and glutamine synthetase of the liver
(Fausto, 1990; Cereghini, 1996; Susick et al, 2001; Zaret,
2001), and crystallins of the lens (Kodama and Eguchi,
1994; Cvekl and Piatigorsky, 1996; Bloemendal et al, 2004).
The characterization of these tissue-specific genes can lead
to the identification of unique transcription factors, and can
make available tissue-specific promoters allowing the study
of tissue physiology and function by targeting transgenes to
the tissue or by tissue-specific gene ablation.
In our previous study, we have already found several
genes that are preferentially expressed in FP cells versus
dermal fibroblasts using differential display (Yu et al, 1995,
2001). None of these genes, however, are truly FP-specific
because of the very nature of this approach. We have
approached this problem using the subtraction library tech-
nique, which is particularly suitable for identifying novel
genes that may not be represented in, e.g., the currently
available complementary DNA (cDNA) microarrays. We
found that, in a FP-specific subtraction cDNA library, FP-1
was the most abundant cDNA sequence. The FP-1 mes-
senger RNA (mRNA) was highly expressed in cultured rat
vibrissa FP cells, could be detected at very low levels in the
stomach and the ovary, but was absent in cultured dermal
fibroblasts and in 16 rat non-follicular tissues. FP-1 protein
was expressed only in FP during the anagen phase of the
hair cycle. Further studies of the structure and function of
this tissue-specific gene and its product may open a new
avenue to better understand hair growth regulation.
Results
Identiﬁcation of FP-specific genes using a subtraction
cDNA library To identify genes that are expressed prefer-
entially in FP cells, we constructed an FP-specific subtrac-
tion cDNA library. Common messages were eliminated by
hybridizing the cDNA of cultured rat vibrissa FP cells with
those of fibroblasts that had been grown under identical
culture conditions. For the fibroblasts, we decided to use
a mixture of culture fibroblasts from the diaphragm, es-
ophagus, and stomach, instead of skin dermal fibroblasts
that are likely to be contaminated by FP cells. Such a con-
tamination of the ‘‘driver’’ cDNA that was used in a quantity
about 30 times higher than the ‘‘tester,’’ even if minor, could
completely remove some of the FP-specific cDNA from the
substation library; in this procedure, the differential expres-
sion of the isolated cDNA clones could be established later
using authentic cultured dermal fibroblasts. To examine the
subtraction efficiency, we performed a series of Southern
blots using the following probes: (1) the total FP-specific
cDNA (FP-probe); (2) the total fibroblasts-specific cDNA (F-
probe); (3) a partial cDNA of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), a housekeeping gene; and (4) a
partial cDNA of FP-1, a novel gene identified from the sub-
traction library. Our results showed a more than 10-fold en-
richment of FP-1 in the subtracted FP library (Fig 1D), and a
more than 20-fold reduction of GAPDH in both the sub-
tracted FP- and fibroblast-specific libraries (Fig 1C). These
data indicated that we had archived a more than 200-fold
enrichment of the differentially expressed FP messages.
Indeed, when we used the FP-specific cDNA as the probe
(FP-probe), the signals of the subtracted FP-specific cDNA
(Fig 1A, lane 1) were much stronger than those of the sub-
tracted fibroblast cDNA (Fig 1A, lane 3). On the contrary,
when we used the fibroblast-specific cDNA as the probe
(F-probe), the signals of the subtracted fibroblast-specific
cDNA (Fig 1B, lane 3) were much stronger than those of the
subtracted FP cDNA (Fig 1B, lane 1). These data indicated
that we had successfully enriched the FP-specific cDNA
using the subtraction technique.
To identify the FP-specific clones in the subtracted li-
brary, we performed a differential screening. Randomly
picked clones from the FP-specific subtracted library were
hybridized with the FP-probe and F-probe (Fig 2). We de-
fined the FP-specific clones as those giving at least 5-fold
stronger signals with the FP-probe than with the F-probe
(Fig 2). By screening 465 randomly picked clones from the
FP-specific subtracted library, we obtained 60 FP-specific
clones representing nine expressed sequence tags (EST)
and 25 known sequences (Table I). To verify that such
clones were indeed overexpressed in FP cells versus
cultured esophageal/diaphragm/stomach fibroblasts and,
Figure1
Enrichment of follicular papilla (FP)-specific complementary DNA
(cDNA) in the subtraction library. After PCR amplification, the sub-
tracted and non-subtracted cDNA of cultured rat FP cells and rat fib-
roblasts were separated electrophoretically and stained with ethidium
bromide (E). Lane 1: subtracted FP cDNA; lane 2: non-subtracted FP
cDNA; lane 3: subtracted fibroblast cDNA; lane 4: non-subtracted fib-
roblast cDNA; lane 5: subtracted control (human skeletal muscle cDNA
mixed with fX174/Hae II, and then subtracted with a human skeletal
muscle cDNA); and lane 6: non-subtracted control (human skeletal
muscle cDNA). Southern blot analysis is performed using the following
probes: (A) FP-specific cDNA (FP-probe), (B) fibroblasts-specific cDNA
(F-probe), (C) glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
and (D) FP-1. Note that the FP-probe hybridized strongly with the sub-
tracted FP-specific cDNA, whereas the F-probe hybridized mainly with
the subtracted fibroblast-specific cDNA. Also note a greater than 10-
fold enrichment of FP-1 in subtracted FP cDNA (D), and a greater than
20-fold reduction of GAPDH in both subtracted FP- and fibroblast-
specific cDNA (C), thus demonstrating the efficiency of the subtraction.
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more importantly, dermal fibroblasts, we carried out virtual
Northern blots by hybridizing polymerase chain reaction
(PCR)-amplified cDNA from cultured cells with some of the
identified clones, including FP-1, EST2, EST6, EST7, lysyl
oxidase-like 2, serine protease, and tenascin c (Fig 3). Our
results showed that all the identified cDNA clones were in-
deed expressed at significantly higher levels in FP cells than
in the (non-dermal) fibroblast mixture (lane F in Fig 3), again
proving the success of the subtraction. Six of seven clones
were found to be also expressed at higher levels in FP cells
than in dermal fibroblasts (lanes D and F in Fig 3); only one,
tenascin c, showed about equal intensity in these two cell
types (Fig 3G) suggesting that tenascin c expression was
significantly higher in skin fibroblasts than those of the in-
ternal organs. These data proved the FP-specificity of many
genes identified from the subtraction library, and indicated
that the difference between FP and various types of fibro-
blasts was greater than the difference among the different
types of fibroblasts.
FP-1, a new FP marker Among the 25 known genes and
nine EST sequences that had been identified from the FP-
specific subtraction library, EST1 (Genebank access num-
ber AI574756) was the most abundant, represented by eight
independent clones (Table I). The expression level of this
EST in cultured rat vibrissa FP cells was more than 30-fold
higher than that in cultured rat dermal fibroblasts (Figs 3A
and 4A). Northern blot showed that this mRNA was detect-
ed at very low levels in the stomach and the ovary, and was
undetectable in 16 other tissues including skin, diaphragm,
esophagus, brain, lung, heart, liver, spleen, kidney, bladder,
intestine, colon, uterus, prostate, testis, and skeletal muscle
(Fig 4A). As these data indicated that this clone was pref-
erentially expressed in FP, we named it ‘‘FP-1.’’
To obtain the full-length cDNA sequence of FP-1, we
screened a cDNA phage library of cultured rat vibrissa FP
cells, and performed a 50 rapid amplification of cDNA ends
(RACE). The full-length FP-1 cDNA was 2332 bp, which had
a 1647 bp open reading frame encoding 549 amino acids
(Fig 5). This FP-1 amino acid sequence was almost identical
to a recently identified rat protein, gliomedin, except that the
461 residue of FP-1 is glutamine, whereas the correspond-
ing residue of gliomedin is arginine (see Discussion). The
predicted molecular weight of FP-1 protein is about 59.3
kDa. The N-terminal 33 amino acid residues of FP-1 may
serve as a signal peptide (Fig 5). It has six potential
glycosylation sites, and it has collagen triple helix repeats
in amino acid positions 157–198 and olfactomedin-like do-
main in positions 317–542.
To examine the protein expression pattern of FP-1, we
generated five rabbit antisera against FP-1 (Fig 5A).
Immunoblot showed that three of the FP-1 antisera (anti-
epitopes 1, 2, and 3) recognized a single protein band of
about 72 kDa in cultured rat FP cell lysate, with no detect-
able signals in cultured fibroblast cell lysate (Fig 6A).
Figure 2
Differential screening of the follicular papilla (FP)-specific com-
plementary DNA (cDNA) clones. Randomly picked cDNA clones from
the FP-specific subtracted library were dotted on a nylon membrane in
the form of cDNA (cDNA arrays, A and B) or bacteria (colony arrays, C
and D), and hybridized with the FP-specific cDNA (FP-probe, A and C)
and the fibroblast-specific cDNA (F-probe, B and D). The clones were
considered to be preferentially expressed in FP only when the differ-
ence in signal intensity (FP/F) was greater than or equal to 5-fold. On
each membrane, the following clones were used as negative controls:
H1: a human homolog of a mouse testis-specific gene (GeneBank ac-
cession # X52128); H2: human semenogelin II (GeneBank accession #
ANM81652), which is specific to seminal vesicles.
Figure3
Confirmation of the cell type specificity of the complementary DNA
(cDNA) clones identified by subtraction. The PCR-amplified double-
stranded cDNA of follicular papilla (FP) cells, fibroblasts (diaphragm,
esophagus, and stomach fibroblasts 1:1:1) (F), and dermal fibroblasts
(DF) was separated electrophoretically and probed with (A) FP-1, (B)
EST2, (C) EST6, (D) EST7, (E) lysyl oxidase-like 2 (LOXL2), (F) serine
protease, (G) tenascin c, and (H) glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) partial cDNA. Note that although the three cDNA
samples contained about equal amounts of GAPDH message, FP-1,
EST2, EST6, EST7, LOXL2, serine protease, and tenascin c were pref-
erentially expressed in FP cells versus the mixture of the three fibro-
blasts (F). Except tenascin c, the other six out of seven messenger RNA
were also preferentially expressed in FP versus DF.
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Digestion of FP-1 with endoglycosidase-H reduced the
molecular weight of FP-1 to about 60 kDa, suggesting the
presence of high-mannose sugars (Fig 6B). Immunofluores-
cent staining using the FP-1 antisera showed strong cyto-
plasmic signals in cultured FP cells, but was negative in
fibroblasts (Fig 6C). These data verified that FP-1 was in-
deed preferentially expressed in cultured FP cells versus
fibroblasts. We also found that the staining of COP I, a Golgi
complex marker, overlapped partially with FP-1 staining,
even though FP-1 staining covered a slightly broader area
(Fig 6C), suggesting that FP-1 might be secreted by cul-
tured FP cells.
To investigate FP-1 expression in vivo, we performed in-
direct immunofluorescent staining of the depilated mouse
back skin using the FP-1 antiserum. The FP-1 was strongly
expressed in the FP during the anagen phase (Fig 7), but not
in the catagen and telogen phases of the hair cycle (data not
shown). This hair cycle-dependent expression pattern sug-
gested that FP-1 might be involved in the control of hair
growth. No staining was noted in the epidermis and other
skin cells. To analyze FP-1 expression in the FP cells under
the cultured condition, we performed immunofluorescent
staining using primary cultures 4, 7, and 10 days after plat-
ing. Starting from day 4, all the cells of the whole colony
derived from an FP were FP-1 positive, whereas it was barely
detectable in the cultured fibroblasts (data not shown).
Survey of existing FP-1 mouse mutants As FP-1 was so
abundantly expressed in the FP cells, we wanted to know
its biological function. Based on the Jackson Laboratory
database, there were a total of 337 mouse mutants that had
a hair-related phenotype, and the chromosomal location of
some of these mutations may be close to the FP-1 gene. It
would therefore be interesting to determine whether some








FP-1 (EST1-AI574756) 8 50/50 20
EST2 (AI010449) 1 15/15 10
EST3 (BE101484) 1 30/20
EST4 (BE553451) 1 30/25
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EST7 (AV601118) 1 20/20 5
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MUC18 glycoprotein 2 20/20
Serine protease 2 20/10 5
LOXL2 2 15/05 5
Calponin 1 20/10
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Figure4
Tissue distribution of follicular papilla (FP)-1. Five micrograms of
total RNA of cultured rat vibrissa FP cells (lane 1) and dermal fibroblasts
(lane 2) and 10 mg of total RNA of 18 rat tissues (lanes 3–20) were
separated electrophoretically in a denaturing gel and stained with et-
hidium bromide (C). Northern blot analysis was performed using FP-1
(A) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (B)
probes. Note that FP-1 was expressed more than 30-fold higher in
FP cells (lane 1) than in dermal fibroblasts (lane 2), and FP-1 was barely
detectable in the stomach and the ovary, but not in the other 16 tissues.
1: Cultured FP cells; 2: cultured dermal fibroblasts; 3: skin; 4: dia-
phragm; 5: esophagus; 6: stomach; 7: brain; 8: lung; 9: heart; 10: liver;
11: spleen; 12: kidney; 13: bladder; 14: intestine; 15: colon; 16: ovary;
17: uterus; 18: prostate; 19: testis; and 20: skeletal muscle.
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of these existing mouse hair mutants are due to mutations
of the FP-1 gene. We have thus surveyed the chromosome
localization of FP-1. BLASTsearch in the National Center for
Biotechnology Information (NCBI) genome database re-
vealed that rat FP-1 cDNA was 82% homologous to a Homo
sapiens chromosome 15 genomic contig sequence (access
number: NT 010194), which was located on human chro-
mosome 15q15. No known hair-related disorders were lo-
cated within this region. Fluorescent in situ hybridization
(FISH) on mouse chromosomes using the rat FP-1 cDNA as
a probe clearly showed that FP-1 was on mouse chromo-
some 9 B–C region (Fig 8). In this region, there were three
hair-related mutants, including rough fur (ruf), rough coat
(rc), and fur deficient (fd). To examine whether there were
some gross changes of FP-1 in these three mouse mutants,
we performed a genomic Southern blot. After digestion with
seven different restriction enzymes, the genomic DNA of
homozygous and heterozygous mutants and their back-
ground strains (considered as wild-type to the mutations)
were compared by hybridizing with FP-1 cDNA probe. In
theory, a size change greater than 1 kb because of insertion
or deletion, which occurs frequently in the mouse genome,
could be detectable by this approach. But no significant
difference was found in all the three mutants suggesting
that there was no deletion or insertion of a big DNA frag-
ment (41 kb) within the genomic region close to FP-1 in
these mutants (data not shown).
Discussion
Using the subtraction cDNA library approach, we have
identified several novel FP-specific genes. Among them,
FP-1 is the most abundant. FP-1 protein sequence is almost
identical to rat gliomedin, except one mismatch at their C-
terminus (461 Q in FP-1 vs R in gliomedin). The rat gliome-
din (also called olfactomedin-related protein) sequence was
recently submitted to the NCBI database as a ‘‘myelinating
glial cell-produced protein’’ with no additional information or
publication (GeneBank accession # AAP22419). The rat FP-
1 sequence is also homologous to a recently described
mouse protein called CRG-L2 (or collomin; GeneBank ac-
cession # NP_852047) that is only known as an early liver
cancer marker.
1 M  T  R  A  A  E  R  G  Q  G  A  T  G  W  G  L  R  G  A  L  M  A  V  A  L
    1  ACGCGGGGAGTGCTGCCCTGAGTCGTTCGGCCTGAGCACAGAGACATGACCCGAGCCGCAGAGCGAGGCCAAGGGGCTACAGGCTGGGGACTGCGAGGCGCCCTGATGGCCGTGGCGCTG
   26 L  S  V  L  N  A  V  G  T  V  F  V  L  Y  Q  W  R  E  L  S  A  A  L  R  A  L  E  A  Q  H  G  Q  E  Q  R  E  D  S  A  L
  121  CTGTCAGTGCTGAACGCCGTGGGCACCGTGTTCGTGCTGTACCAGTGGCGCGAGCTGAGCGCGGCGCTGCGGGCACTGGAGGCGCAACACGGCCAGGAGCAGCGCGAGGACAGCGCCCTA
   66   R  A  F  L  A  E  L  S  R  A  P  A  R  V  P  E  P  P  Q  D  P  M  S  A  A  R  N  K  R  S  H  G  G  E  P  A  S  H  I  R
  241  CGCGCCTTTCTAGCTGAATTAAGTCGTGCGCCAGCCCGAGTCCCCGAACCACCCCAGGACCCCATGAGTGCAGCGCGCAATAAGCGCAGCCACGGCGGCGAGCCTGCGTCACACATCCGC
  106   A  E  S  Q  D  M  M  M M  M  T  Y  S  M  V  P  I  R  V  M  I  D  L  C  N  S  T  Q  G  I  C  L  T  G  P  P  G  P  P  G
  361  GCGGAGAGCCAGGACATGATGATGATGATGACCTACAGCATGGTGCCGATCCGGGTGATGATAGACCTGTGCAACAGCACCCAGGGCATCTGCCTTACAGGACCACCGGGCCCACCAGGA
  146   P  P  G  A  G G  L  P  G  H  N  G  S  D  G  Q  P  G  L  Q  G  P  K  G  E  K  G  A  V  G  K  R  G  K  M  G  L  P  G  A
  481  CCTCCAGGAGCTGGTGGGTTACCAGGCCACAATGGATCAGATGGACAGCCTGGTCTCCAGGGCCCAAAAGGAGAAAAAGGAGCAGTTGGGAAGAGAGGAAAAATGGGGTTACCCGGAGCC
  186   T  G  N  P  G  E  K  G  E  K  G  D  A  G  E  L  G  L  P  G  N  E  G  P  P  G  Q  K  G  D  K  G  D  K  G  D  V  S  N  D
  601  ACAGGAAATCCAGGGGAAAAGGGAGAGAAGGGAGATGCTGGTGAACTGGGCCTACCTGGAAATGAGGGACCACCAGGACAGAAAGGAGACAAAGGAGACAAAGGAGATGTGTCCAATGAC
  226   V  L  L  T  G  A  K  G  D  Q  G  P  P  G  P  P  G  P P  G  P  P  G  P  S  G  S  R  R  A  K  G  P  R  Q  P  N  S  F  T
  721  GTGCTTTTGACAGGTGCCAAAGGTGACCAAGGGCCCCCTGGCCCACCTGGACCCCCAGGGCCTCCAGGCCCTTCTGGAAGCAGAAGAGCCAAAGGCCCTCGGCAGCCAAATTCGTTCACC
  266   N  Q  C  P  G  E  T  C  V  I  P  N  D D  T  L  V  G  R  A  D  E  K  V  N  E  R  H  S  P  Q  T  E  P  M  I  T  S  I  G
  841  AACCAGTGTCCAGGGGAGACGTGTGTCATACCCAATGATGATACCTTGGTGGGGAGAGCTGATGAGAAAGTCAATGAGCGCCATTCTCCACAAACAGAACCCATGATCACGTCCATTGGT
  306   N  P  A  Q  V  L  K  V  K  E  T  F  G  T  W  L  R  E  S  A  N  R  S  D  D  R  I  W  V  T  E  H  F  S  G  I  M  V  K  E
  961  AACCCGGCCCAAGTCCTCAAAGTGAAAGAGACTTTTGGGACCTGGCTAAGAGAGTCTGCTAACAGGAGTGATGACCGCATTTGGGTGACTGAACATTTTTCAGGCATCATGGTGAAGGAG
  346   F  E  D  L  P  A  L  L  N  S  S  F  T  L  L  H  L  P  H  Y  F  H  G  C  G  H  A  V  Y  N  N  S  L  Y Y  H  K  G  G  S
 1081  TTTGAAGACCTGCCCGCCCTCCTGAATAGCAGCTTCACCCTCCTCCACCTCCCACATTACTTCCATGGCTGCGGGCACGCTGTTTACAACAACTCTCTCTACTACCACAAAGGAGGCTCC
  386   N  T  I  V  R  F  E  F  G  K  E  T  P  Q  T  L  K  L  E  D  A  L  Y  F  D  R  K  Y  L  F  A  N  S  K  T  Y  F  N  I  A
 1201  AACACCATAGTGAGATTTGAATTTGGGAAAGAGACACCTCAAACTCTGAAGCTTGAAGATGCTTTGTATTTTGATCGAAAATACCTCTTTGCGAATTCCAAGACTTACTTCAACATAGCA
  426   V  D  E  K  G  L  W  I  I  Y  A  S S  V  D  G  S  S  I  L  V  A  Q  L  D  E  R  T  F  S  V  L  Q  H  I  N  T  T  Y  P
 1321  GTGGATGAGAAGGGCCTCTGGATTATCTACGCCTCGAGTGTGGATGGCTCAAGCATCCTTGTGGCACAGCTGGACGAGAGGACATTCTCTGTGCTGCAGCACATCAATACCACATACCCC
  466   K  S  K  A  G  N  A  F  I  A  Q  G  I  L  Y  V  T  D  T  K  D  T  R  V  T  F  A  F  D  L  L  R  G  K  Q  I  N  A  N  F
 1441  AAGTCCAAGGCTGGCAATGCCTTCATAGCTCAAGGGATCCTCTATGTCACGGACACAAAA GATACAAGGGTCACGTTTGCCTTTGATTTGTTACGAGGGAAGCAGATCAATGCAAACTTC
  506   G  L  R  M  S  Q  S  V  L  A  M  L  S  Y  N  M  R  D  Q  H  L  Y  S  W  E  D  G  H  L  M  L  Y  P  V  H  F  S  S  T  A
 1561  GGTCTCAGAATGTCACAGTCTGTTCTTGCCATGTTGTCGTACAATATGAGAGACCAGCATTTGTACTCGTGGGAAGACGGCCACCTGATGCTCTATCCTGTGCACTTTTCGTCAACAGCA
  546   P  S  Q  R
 1681  CCCAGCCAGCGATAGGCCTGCAGTCGGCTCCCTCATTATGCACCACACATTTTCTGGGGTTTGACCAAGCCCAACGGAAAGAAGGCCTGTAAAGGATATCCAGATACTCAGAGCATACGC
 1801  CCGTGTTACGGGCTTTTGTGCATGTGGCAAGTCCCCCTGTAAGCCAGGTTAACTAAAGGCTGGAAAGTTGAAATGGATAACATTTGGTGACCCTTGGTCCCTCTTCAAACTTAGCAAGTT
 1921  AGTGCTCCCCCCTGACCTTAGTGTCCCCATCAGTAATATGAAACATCTGTGTGATTGCAGCATTTCCTATACCTATATGAAGTTCTGTGATTCTTGCCTGGTTATATATTAGATTGCTTT
 2041  CAGGTTTCTTTTTTTTTTCTCCACATGTAAATGAGTTTACCTGCAGCTTGAGGGGTGTGCCTATCAGTGATGACGGACATTTGTTTGGTGTTTAGGGAAAAAGCATTGTTTCTTATGGCT
 2161  TTTAAAGTATTATATTATCCATAATTTGATATTTTTTTTTGAATACGCCCCTGCCACTACAGAATGATTATTGTTTTCAGCTCCTAAGTACAAATCCAAGATTAATAAAAAAAAAACATG
 2281  AATAGAAAAAAAAAAAAAAAAAACTCGAGAGTATTAGTCGATGTAGGAAAAC
Figure 5
Full-length complementary DNA (cDNA) and amino acid sequences of follicular papilla (FP)-1. The full-length FP-1 cDNA is 2332 bp, with a
1647 bp coding region encoding 549 amino acids. Five peptide regions, which were chosen based on a hydropathy plot and used to generate
peptide antisera, are underlined. Computer analysis of the FP-1 protein sequence revealed that the N-terminal 33 amino acid residues might serve
as a signal peptide (bold).
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Tissue distribution of FP-1 We have surveyed various rat
tissues using Northern blot and found that FP-1 is ex-
pressed at an extremely high level in cultured rat vibrissa FP
cells, weakly detected in cultured rat skin fibroblasts and in
the stomach and the ovary, but was not detectable in skin,
diaphragm, esophagus, brain, lung, heart, liver, spleen, kid-
ney, bladder, intestine, colon, uterus, prostate, testis, and
skeletal muscle. Using representational difference analysis
to compare normal liver and liver tumors obtained from
diethylnitrosamine (DEN)-treated C3H/HeJ mice, Graveel
et al (2003) recently identified a novel gene, that they named
CRG-L2 (cancer related gene-liver 2), which is upregulated
in both mouse and human hepatocarcinoma. The tissue
distribution pattern of this gene was surveyed by semi-
quantitative PCR. The results indicated that in mouse the
mRNA of this gene can be detected only after 34 cycles of
PCR in the testis and still weakly in the skeletal muscle, but
not in normal heart, brain, spleen, lung, liver, kidney, and
embryos (7–17 d). In humans, this transcript was detected
weakly in the placenta after 32 cycles of PCR, but not in
normal spleen, thymus, prostate, testis, ovary, smooth
muscle, leukocytes, heart, brain, lung, liver, skeletal mus-
cle, and pancreas (Graveel et al, 2003). Although it is dif-
ficult to compare our results with those of Graveel, the fact
that they detected small amounts of FP-1 in mouse testis,
which was negative in our Northern blot analysis, suggests
that our Northern blot was less sensitive than their PCR
assay. It is therefore highly significant that in our assay testis
was negative, but FP cells, even at this low sensitivity set-
ting, were found to express FP-1 at a level that is over 100
times higher than that of the testis. Taken together, these
data strongly suggest that the expression of FP-1 gene is
remarkably tissue-specific and is particularly highly ex-
pressed in FP cells.
The FP-1/gliomedin/CRG-L2 protein sequence contains
two conserved domains: amino acid positions 157–198
contain collagen triple helix repeats, and positions 317–542
are highly homologous to olfactomedin. Collagen proteins
are involved in the formation of connective tissue structure.
The triple helix repeat (G–X–Y) is common to all the family
members. The first position of the repeat is G, the second
and third positions can be any residue, but are frequently
proline and hydroxyproline (Mayne and Brewton, 1993). The
olfactomedin-like domain is a conserved sequence shared
by olfactomedin and its related proteins (such as gliomedin
and neuronal olfactomedin-related endoplasmic reticulum
(ER) localized protein) (Danielson et al, 1994; Kulkarni et al,
2000). Olfactomedin is, like collagens, an extracellular ma-
trix glycoprotein, specifically expressed in olfactory neuro-
epithelium, forming homopolymers through disulfide bonds
and carbohydrate interactions (Anholt et al, 1990; Snyder
et al, 1991; Bal and Anholt, 1993). The function of olfac-
tomedin is unknown, but its abundance and localization
suggest a structural role in mucus organization and/or fa-
cilitation of interactions between odorants and olfactory re-
ceptors in the olfactory membrane (Snyder et al, 1991).
Olfactomedin-related proteins form a glycoprotein family
with unknown functions.
Whereas some of the members of the olfactomedin-re-
lated protein family are localized in the ER (Danilenko et al,
1995; Kulkarni et al, 2000), FP-1 does not appear to be an
‘‘ER residual protein.’’ First, FP-1 does not contain the two
ER retention signals, the C-terminal sequence KDEL (Munro
and Pelham, 1987), and the consensus sequence of two
lysines positioned three and four or five residues from the
Figure 6
Protein expression pattern of follicular papilla (FP)-1. (A) Total pro-
teins of cultured rat vibrissa FP cells and dermal fibroblasts (DF) were
separated electrophoretically in a sodium dodecylsulfate (SDS)/polya-
crylamide gel. Immnunoblotting was performed using three separate
FP-1 antisera (anti-epitopes 1, 2, and 3 in panels a, b, c, respectively),
pre-immune serum (panel d), and anti-b-tubulin antibody (panel e). Note
that all three FP-1 antisera recognized a single protein band of about 72
kDa in FP cell lysate, with no detectable signals in cultured fibroblast
cell lysate (DF). Pre-immune serum showed no background in both cell
types, and anti-b-tubulin antibody was used to normalize the loading of
the total proteins. Numbers on the left denote the positions of size
markers in kilodalton (kDa). (B) Total proteins of cultured rat vibrissa FP
cells were digested with endoglycosidase H (H). The buffer-incubated
() and Endo H-digested (þ ) proteins were separated by SDS/polya-
crylamide gel electrophoresis and immunoblotted using two FP-1 an-
tisera (anti-epitopes 2 and 3, panels a and b, respectively). Note that
the molecular weight of FP-1 decreased from 72 to 60 kDa after Endo H
digestion, indicating that FP-1 was a glycoprotein. (C) Double immuno-
fluorescence staining of FP-1 and COP I in cultured FP cells. Cultured
rat vibrissa FP cells and fibroblasts (DF) at passage 4 were double
stained using FP-1 rabbit antiserum (anti-epitope 3) and anti-COP I
mouse monoclonal antibody.
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C-terminus (Jackson et al, 1990). Second, FP-1 can clearly
exit from ER according to our immunofluorescent staining
data (Fig 6C). Rather than an ER retention protein, we
believe that FP-1 is a secreted protein, because (i) it has a
signal peptide sequence at N-terminus (1–33 aa); (ii)
immunofluorescent staining of FP-1 in cultured FP cells
showed a secreting expression pattern with strong ER-like
signals around the nucleus and weak signals in the periph-
ery cytoplasm (Fig 6C). Moreover, FP-1 staining overlapped
with COP I (a Golgi complex marker)-staining (Fig 6C), in-
dicating FP-1 might be delivered by the ER–Golgi secretory
pathway; (iii) FP-1 is a glycoprotein and so far only few
cytosolic soluble proteins are known to be glycosylated;
and (iv) the amino acid sequence of FP-1 is homologous to
olfactomedin and collagen, both of which are extracellular
matrix proteins. More experiments are needed to examine
the existence of FP-1 in the conditioned medium of FP cells,
and to localize FP-1 on an ultrastructure level.
It has been shown that the size of a hair follicle and the
diameter of its hair fiber are determined by the volume of its
FP (Van Scott and Ekel, 1958; Itami et al, 1995). During the
hair cycle, the volume of FP changes mainly because of a
change in its extracellular matrix rather than the actual cell
number. In anagen, FP cells are elongated (fibroblastic) in
shape and widely interspersed by large amounts of extra-
cellular matrix. When the follicle enters catagen, the FP ma-
trix is markedly diminished, and the cells become rounded
and tightly packed with almost no intercellular space
(Young, 1980; Westgate et al, 1984; Couchman and Gib-
son, 1985; Couchman, 1986). It has been reported that the
FP extracellular matrix is rich in basement membrane pro-
teins (laminin and type IV collagen), fibronectin, and pro-
teoglycans (Couchman, 1986; Messenger et al, 1991). The
changes that occur in the FP extracellular matrix during the
hair cycle suggest important functions for these extracellu-
lar matrix molecules in mediating the epithelial–me-
senchymal interaction and/or cell-to-cell communication,
although their precise biological functions remain unclear.
Our in vivo immunofluorescent staining data clearly dem-
onstrated that FP-1 is highly expressed in FP only during the
anagen phase of the hair cycle, indicating that FP-1 pro-
duced by FP cells could be one of the extracellular matrix
glycoproteins that play a role in the re-organization of FP
during specific phases of the hair cycle. Additional studies
are needed to define more precisely the roles of FP-1/
gliomedin in regulating hair follicular growth.
Materials and Methods
Cell culture All the laboratory animal protocols have been ap-
proved by the Institutional Animal Care and Use Committee of NYU
Medical School. Vibrissa follicles were isolated from the lip region
of 4–6-mo-old male Wistar rats (Charles River, Wilmington, Mas-
sachusetts). To expose FP, the lower part of the follicle was opened
with a 20-gauge needle. About 35–40 FP can be microdissected
from each rat. The isolated FP were placed in 1-mL Chang’s me-
dium (Irvine Scientific, Santa Ana, California) containing 10% fetal
bovine serum (FBS), 100 U per mL penicillin, and 100 mg per mL
streptomycin in a 35 mm Petri dish, and left undisturbed in a 371C,
5% CO2 incubator for 4 d. Under these conditions most of the
papillae formed outgrowths (Jahoda and Oliver, 1981; Jahoda et al,
1984; Warren et al, 1992). The culture medium was changed every
3 d. Ten to 12 d later, the cells were treated with 0.125% trypsin
and 0.01% ethylenediaminetetraacetic acid (EDTA), and plated in
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10%
FBS, 100 U per mL penicillin, and 100 mg per mL streptomycin. Rat
dermal fibroblasts were cultured by explant outgrowth from small
pieces (o1 mm3) of interfollicular dermis from the same lip skin
tissue, from which the vibrissa follicles had been removed. The
primary culture and subculture conditions were the same as de-
scribed above. Rat stomach, esophagus, and thoracoabdominal
diaphragm tissues were minced thoroughly too1 mm3 and placed
in 1 mL DMEM containing 10% FBS, 100 U per mL penicillin, and
100 mg per mL streptomycin in a 30 mm Petri dish. After 3–5 d,
fibroblasts grew out from these tissues. The subculture conditions
were the same as described above. All experiments were carried
Figure 7
The expression pattern of follicular
papilla (FP)-1 in hair follicles in vivo.
Immunofluorescent staining of FP-1 was
performed on C57BL/6 mouse back skin
3 (A), 5 (B and C), 8 (D and E), and 12 (F)
days after hair depilation. In panels C and
E, the FP-1 antiserum was pre-absorbed
with the peptide antigen. Note that FP-1
was highly expressed during the anagen
phase of the hair cycle.
Figure 8
Chromosomal localization of the mouse follicular papilla (FP)-1
gene. (A) Preparation of the probe for fluorescent in situ hybridization. A
2.1 kb rat FP-1 complementary DNA (cDNA) fragment (lane 2) was
amplified by PCR using as the template plasmid containing an FP-1
cDNA clone (lane 1). (B) The biotin-labeled rat FP-1 probe localized
specially to a mouse chromosome (arrow). (C) Diamidinophenyl indole
staining confirmed that mouse FP-1 gene was localized on chromo-
some 9 B–C region. (D) A schematic diagram showing that FP-1 gene
was on mouse chromosome 9 B–C.
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out using the fourth passage of the cultured cells. One passage
constituted 1:3 dilution of subculture.
Subtractive cDNA library Total RNA of cultured cells was isolated
using guanidine thiocyanate and citrate/sarcosine/b-mercap-
toethanol (CSB) as the denaturing buffer followed by phenol ex-
traction (The RNAgents Total RNA Isolation System; Promega, San
Luis Obispo, California). Poly Aþ RNA was isolated from total RNA
using biotinylated oligo-(dT) (MagneSphere mRNA isolation sys-
tem, Promega).
A cDNA library highly enriched in mRNA that is overexpressed
in cultured rat vibrissa papilla cells was constructed using the
PCR-select cDNA subtraction Kit (Clontech, Palo Alto, California)
according to the manufacturer’s instructions (Diatchenko et al,
1996). Briefly, cDNA from cultured rat vibrissa FP cells were used
as the ‘‘tester’’ (30 ng), whereas those from cultured rat stomach,
esophagus, and diaphragm fibroblasts were used as the ‘‘driver’’
(940 ng). To enrich and amplify the differentially expressed se-
quences, two rounds of selective PCR were performed in both
subtracted and non-subtracted cDNA. The PCR products were
cloned into the pCRII TA vector, and transformed into TOP10F’
cells (Invitrogen, Carlsbad, California). In addition, a reverse sub-
traction (a rat fibroblast-specific subtractive cDNA library generat-
ed by using cDNA from cultured rat stomach, esophagus, and
diaphragm fibroblasts as the ‘‘tester’’ and cDNA from cultured rat
vibrissa FP cells as the ‘‘driver’’) was performed using the same
PCR-select cDNA subtraction technique.
Differential screening
cDNA array Bacterial colonies were randomly picked from the FP-
specific subtracted library and cultured overnight at 371C with
shaking. The cDNA inserts were amplified by PCR using adaptor-
specific primers (Clontech). The PCR products were denatured in
0.6 N NaOH and transferred onto a Hybond-XL nylon membrane
(Amersham Pharmacia Biotech, Piscataway, New Jersey). Two
identical blots were prepared for hybridization with FP-specific
subtracted library (FP-probe) or fibroblast-specific subtracted
library (F-probe). The blots were neutralized with 0.5 M Tris-HCl
(pH 7.5) for 2–4 min and washed with H2O. DNA was cross-linked
to the membrane by UV light.
Colony array The same overnight cultures of the randomly picked
bacterial clones were used to perform colony array. Each bacterial
culture was transferred onto a Hybond-XL nylon membrane (Am-
ersham Pharmacia Biotech) placed on a Lenox Biotech (LB)/agar
plate containing kanamycin. Two identical blots were prepared and
hybridized with the FP-specific subtracted library (FP-probe) or
fibroblast-specific subtracted library (F-probe). After an overnight
incubation at 371C, the blots were treated with 0.5 M NaOH, 1.5 M
NaCl for 4 min, neutralized with 0.5 M Tris-HCl (pH 7.5), 1.5 M NaCl
for 4 min, and air-dried for 30 min. The DNA was fixed to the
membrane by baking at 801C for 2 h.
Hybridization with the subtracted cDNA probes The blots of the
cDNA array and colony array were hybridized at 601C overnight with
the labeled subtracted cDNA probes in Church solution (0.25 M
Na2HPO4 (pH 7.2), 1 mM EDTA, 7% sodium dodecylsulfate (SDS),
and 1% bovine serum albumin). About 3.5  107 cpm of the labeled
papilla- or fibroblast-specific cDNA probe were used in 7.5 mL of
Church hybridization solution. Two cDNA fragments (a human ho-
molog of a mouse testis-specific gene, GeneBank accession #
X52128, and human semenogelin II, GeneBank accession #
ANM81652) were used as hybridization negative controls (Clontech).
Virtual northern One microgram of total RNA was reverse tran-
scribed to first-strand cDNA. Double-stranded cDNA (ds cDNA)
was synthesized and then amplified by PCR according to the
SMART cDNA synthesis technique (Clontech). The number of PCR
cycles was titrated to ensure that the yield of ds cDNA was in the
exponential phase of amplification. The PCR-amplified ds cDNA
was electrophoresed on a 1% agarose gel, transferred onto a
Hybond-XL nylon membrane (Amersham Pharmacia Biotech), and
hybridized under a condition that is identical to that of northern
blot.
50 RACE 50 RACE of FP-1 was performed according to the man-
ufacturer’s instruction (Clontech). Briefly, 1 mg of poly Aþ RNA from
cultured rat vibrissa FP cells was reverse transcribed into first-
strand cDNA. Using the first-strand cDNA as a template, the pri-
mary PCR was performed with the Universal Primer (Clontech) and
a FP-1-specific primer. The primary PCR product was diluted 1:50
and used as a template for secondary PCR, which was primed with
the Universal Nested Primer (Clontech) and an FP-1 specific nest-
ed primer. The nucleotide sequences of the FP-1 primer and the
FP-1 nested primer were (50 ! 30) CCCAGTTCACCAGCATCTCC
CTTCTCTC and GTCTATCATCACCCGGATCGGCACCAT, respec-
tively. The secondary PCR product was ligated into a T/A cloning
vector (Invitrogen). Individual clones were sequenced.
Western blot and protein deglycosylation Cultured cells were
dissolved in lysis buffer (1% NP40, 1% deoxycholic acid, 0.1%
SDS, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 2 mM EDTA, and
freshly added protease inhibitors). After centrifugation at 12,000 g
rpm for 20 min at 41C, the soluble proteins in the supernatant were
quantified using a BCA kit (Pierce, Rockford, Illinois). Fifty micro-
grams of the total proteins were resolved in a 12% polyacrylamide
gel (Laemmli, 1970). The separated proteins were transferred
electrophoretically to an MSI-nitrocellulose membrane (Fisher,
Pittsburgh, Pennsylvania) (Towbin et al, 1979; Burnette, 1981),
which was incubated with primary antibodies and horseradish
peroxide-conjugated secondary antibody. The reaction was visu-
alized by an enhanced chemiluminescence detection kit (Pierce).
Mouse monoclonal antibody to b-tubulin was purchased from
Sigma (St. Louis, Missouri).
For deglycosylation, about 250 mg of total proteins were di-
gested with 10 mU endoglycosidase-H (Endo H, Roche, Indian-
apolis, Indiana) at 371C overnight (Kobata, 1979; Trimble and
Maley, 1984). Samples were stored at 201C before being analy-
zed by western blotting.
Immunoﬂuorescence staining Cells were grown on glass cover
slips (12 mm, Fisher, Eugene, Oregon), fixed with 1:1 methanol/
acetone (41C for 10 min), and air-dried. The cells were incubated
with primary antibodies, washed with PBS, and incubated with
fluorescein isothiocyanate- or rhodamine-conjugated secondary
antibody (Molecular Probes, Eugene, Oregon). The samples were
mounted with a special anti-fading, aqueous mounting medium
(Biomeda, Foster City, California), and examined with a fluores-
cence microscope (Zeiss, Chester, Virginia). Mouse monoclonal
antibody to b-COP was purchased from Sigma.
For staining of tissue sections, back skin of C57BL/6 mice was
collected at various days after depilation, snap-frozen, and cryo-
sectioned. The sections were fixed with 1:1 methanol/acetone
(41C), air-dried, and stained by indirect immunofluorescence using
the tyramide signal amplification system (Perkin Elmer, Boston,
Massachusetts). In the peptide blocking experiments, the primary
antibody was pre-incubated at 251C with an FP-1 peptide at 1:4
ratio for 45 min before being used to stain the sections.
FISH Lymphocytes were isolated from mouse spleen and cultured
at 371C in RPMI 1640 medium supplemented with 15% FBS, 3 mg
per mL concanavalin A, 10 mg per mL lipopolysaccharide, and
5  105 M mercaptoethanol. After 44 h, the cultured lymphocytes
were treated with 0.18 mg per mL BrdU for an additional 14 h. The
cells were washed and re-plated at 371C for 4 h in Eagle’s minimal
essential medium (MEM) containing thymidine (2.5 mg per mL). The
cells were harvested and chromosome slides were made by
standard procedures including hypotonic treatment, fixation, and
air-drying (Heng et al, 1992; Heng and Tsui, 1993) (SeeDNA Bio-
tech, Winsor, Ontaria, Canada). For probe preparation, a 2.1 kb rat
FP-1 cDNA fragment was amplified by PCR using the plasmid of
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the longest FP-1-positive clone (obtained from screening the FP
cDNA library) as a template and primers flanking the cDNA insert
on the vector plasmid. The DNA probe was biotinylated (Gibco
BRL BioNick labeling kit, Grand Island, New York) (Heng and Tsui,
1993) and used for FISH detection (Heng et al, 1992; Heng and
Tsui, 1993) (SeeDNA Biotech).
Genomic Southern blot Rat genomic DNA was purified from the
spleen of a Wistar rat (Charles River) using a Roche DNA isolation
kit (Roche, Indianapolis, Indiana). Ten to 12 mg of genomic DNA
were digested at 371C overnight using EcoR I, EcoR V, BamH I,
Hind III, Xba I, Pst I, and Sac I. The digested genomic DNA frag-
ments were separated on 0.8% agarose gel. The gel was soaked in
0.25 N HCl for 20 min, rinsed twice with water, soaked in 1.5 N
NaCl, 0.5 N NaOH for 20 min  2, rinsed twice with water, and
soaked in 1.5 N NaCl, 0.5 N Tris-HCl (pH 7.0) for 20 min  2. The
DNA was then transferred onto a Hybond-XL nylon membrane
(Amersham Pharmacia Biotech). After cross-linking with UV light,
the membrane was hybridized with a [32P]dCTP-labeled rat FP-1
cDNA.
cDNA library PolyA mRNA (5 mg) of cultured rat follicular papillary
cells or fibroblasts were used to generate cDNA libraries following
the manufacturer’s protocol (HybriZap-2.1  R Library Construc-
tion Kit; Stratagene, La Jolla, California). The first-strand cDNA was
generated using MMLV-RT and the second one using DNA polym-
erase 1. Restriction enzyme sites with linker primer were intro-
duced and blunt end-ligated to the second-strand cDNA, which
was used for directional insertion. After Sepharose CL-2B gel fil-
tration, the fraction of DNA which was larger than 400 bp was
collected and ligated with pre-cut Lamda vector. The primary li-
brary was obtained (0.5–1.0  106 p.f.u. per mg) using GIGO pack
III Gold packaging extract. After amplification, the phage library
(1–2  1010 p.f.u. per mL, 0.4–1.2 kb in size) was generated.
This work was supported by a grant from Pfizer and Anaderm
companies.
DOI: 10.1111/j.0022-202X.2005.23746.x
Manuscript received November 28, 2004; revised January 31, 2005;
accepted for publication February 4, 2005
Address correspondence to: Tung-Tien Sun, PhD, Department of Der-
matology, New York University School of Medicine, New York 10016,
USA. Email: sunt01@med.nyu.edu, isilv01@endeavor.med.nyu.edu
References
Anholt RR, Petro AE, Rivers AM: Identification of a group of novel membrane
proteins unique to chemosensory cilia of olfactory receptor cells. Bio-
chemistry 29:3366–3373, 1990
Bal RS, Anholt RR: Formation of the extracellular mucous matrix of olfactory
neuroepithelium: Identification of partially glycosylated and nonglyco-
sylated precursors of olfactomedin. Biochemistry 32:1047–1053, 1993
Bloemendal H, de Jong W, Jaenicke R, Lubsen NH, Slingsby C, Tardieu A: Ageing
and vision: Structure, stability and function of lens crystallins. Prog
Biophys Mol Biol 86:407–485, 2004
Burnette WN: ‘‘Western blotting’’: Electrophoretic transfer of proteins from so-
dium dodecyl sulfate–polyacrylamide gels to unmodified nitrocellulose
and radiographic detection with antibody and radioiodinated protein a.
Anal Biochem 112:195–203, 1981
Cereghini S: Liver-enriched transcription factors and hepatocyte differentiation.
Faseb J 10:267–282, 1996
Chaloin-Dufau C, Sun TT, Dhouailly D: Appearance of the keratin pair k3/k12
during embryonic and adult corneal epithelial differentiation in the chick
and in the rabbit. Cell Differ Dev 32:97–108, 1990
Couchman JR: Rat hair follicle dermal papillae have an extracellular matrix con-
taining basement membrane components. J Invest Dermatol 87:762–767,
1986
Couchman JR, Gibson WT: Expression of basement membrane components
through morphological changes in the hair growth cycle. Dev Biol
108:290–298, 1985
Cvekl A, Piatigorsky J: Lens development and crystallin gene expression: Many
roles for pax-6. Bioessays 18:621–630, 1996
Danielson PE, Forss-Petter S, Battenberg EL, deLecea L, Bloom FE, Sutcliffe JG:
Four structurally distinct neuron-specific olfactomedin-related glycopro-
teins produced by differential promoter utilization and alternative mrna
splicing from a single gene. J Neurosci Res 38:468–478, 1994
Danilenko DM, Ring BD, Yanagihara D, Benson W, Wiemann B, Starnes CO,
Pierce GF: Keratinocyte growth factor is an important endogenous me-
diator of hair follicle growth, development, and differentiation. Normali-
zation of the nu/nu follicular differentiation defect and amelioration of
chemotherapy-induced alopecia. Am J Pathol 147:145–154, 1995
Diatchenko L, Lau YF, Campbell AP, et al: Suppression subtractive hybridization:
A method for generating differentially regulated or tissue-specific cdna
probes and libraries. Proc Natl Acad Sci USA 93:6025–6030, 1996
Elliott K, Stephenson TJ, Messenger AG: Differences in hair follicle dermal papilla
volume are due to extracellular matrix volume and cell number: Implica-
tions for the control of hair follicle size and androgen responses. J Invest
Dermatol 113:873–877, 1999
Fausto N: Hepatocyte differentiation and liver progenitor cells. Curr Opin Cell Biol
2:1036–1042, 1990
Graveel CR, Harkins-Perry SR, Acevedo LG, Farnham PJ: Identification and
characterization of crg-l2, a new marker for liver tumor development.
Oncogene 22:1730–1736, 2003
Hardy MH: The secret life of the hair follicle. Trends Genet 8:55–61, 1992
Heng HH, Squire J, Tsui LC: High-resolution mapping of mammalian genes by
in situ hybridization to free chromatin. Proc Natl Acad Sci USA 89:9509–
9513, 1992
Heng HH, Tsui LC: Modes of dapi banding and simultaneous in situ hybridization.
Chromosoma 102:325–332, 1993
Ibrahim L, Wright EA: A quantitative study of hair growth using mouse and rat
vibrissal follicles. I. Dermal papilla volume determines hair volume.
J Embryol Exp Morphol 72:209–224, 1982
Itami S, Kurata S, Sonoda T, Takayasu S: Interaction between dermal papilla cells
and follicular epithelial cells in vitro: Effect of androgen. Br J Dermatol
132:527–532, 1995
Jackson MR, Nilsson T, Peterson PA: Identification of a consensus motif for
retention of transmembrane proteins in the endoplasmic reticulum. Embo
J 9:3153–3162, 1990
Jahoda C, Oliver RF: The growth of vibrissa dermal papilla cells in vitro. Br J
Dermatol 105:623–627, 1981
Jahoda CA, Horne KA, Oliver RF: Induction of hair growth by implantation of
cultured dermal papilla cells. Nature 311:560–562, 1984
Jahoda CA, Oliver RF: Vibrissa dermal papilla cell aggregative behaviour in vivo
and in vitro. J Embryol Exp Morphol 79:211–224, 1984
Jahoda CA, Oliver RF, Reynolds AJ, et al: Trans-species hair growth induction by
human hair follicle dermal papillae. Exp Dermatol 10:229–237, 2001
Kamimura J, Lee D, Baden HP, Brissette J, Dotto GP: Primary mouse keratin-
ocyte cultures contain hair follicle progenitor cells with multiple differen-
tiation potential. J Invest Dermatol 109:534–540, 1997
Kim JC, Choi YC: Regrowth of grafted human scalp hair after removal of the bulb.
Dermatol Surg 21:312–313, 1995
Kobata A: Use of endo- and exoglycosidases for structural studies of glycocon-
jugates. Anal Biochem 100:1–14, 1979
Kodama R, Eguchi G: Gene regulation and differentiation in vertebrate ocular
tissues. Curr Opin Genet Dev 4:703–708, 1994
Kulkarni NH, Karavanich CA, Atchley WR, Anholt RR: Characterization and dif-
ferential expression of a human gene family of olfactomedin-related pro-
teins. Genet Res 76:41–50, 2000
Laemmli UK: Cleavage of structural proteins during the assembly of the head of
bacteriophage t4. Nature 227:680–685, 1970
Lin JH, Wu XR, Kreibich G, Sun TT: Precursor sequence, processing, and urot-
helium-specific expression of a major 15-kda protein subunit of asym-
metric unit membrane. J Biol Chem 269:1775–1784, 1994
Mayne R, Brewton RG: New members of the collagen superfamily. Curr Opin Cell
Biol 5:883–890, 1993
Messenger AG, Elliott K, Westgate GE, Gibson WT: Distribution of extracellular
matrix molecules in human hair follicles. Ann N Y Acad Sci 642:253–262,
1991
Montagna W, Chase HB, Melaragno HP: Skin of hairless mice. I. Formation of
cysts and the distribution of lipids. J Invest Dermatol 19:83–94, 1952
Muller-Rover S, Handjiski B, van der Veen C, et al: A comprehensive guide for the
accurate classification of murine hair follicles in distinct hair cycle stages.
J Invest Dermatol 117:3–15, 2001
32 CAO ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Munro S, Pelham HR: A c-terminal signal prevents secretion of luminal er pro-
teins. Cell 48:899–907, 1987
Oliver RF: Whisker growth after removal of the dermal papilla and lengths of
follicle in the hooded rat. J Embryol Exp Morphol 15:331–347, 1966
Oliver RF: Ectopic regeneration of whiskers in the hooded rat from implanted
lengths of vibrissa follicle wall. J Embryol Exp Morphol 17:27–34, 1967
Schermer A, Galvin S, Sun TT: Differentiation-related expression of a major 64k
corneal keratin in vivo and in culture suggests limbal location of corneal
epithelial stem cells. J Cell Biol 103:49–62, 1986
Snyder DA, Rivers AM, Yokoe H, Menco BP, Anholt RR: Olfactomedin: Purifica-
tion, characterization, and localization of a novel olfactory glycoprotein.
Biochemistry 30:9143–9153, 1991
Sun TT, Eichner R, Schermer A, Cooper D, Nelson WG, Weiss RA: Classification,
expression, and possible mechanism of evolution of mammalian epithelial
keratins: A unifying model. Cancer Cell 1:169–176, 1984
Sun TT, Liang FX, Wu XR: Uroplakins as markers of urothelial differentiation. Adv
Exp Med Biol 462:7–18, 1999
Susick R, Moss N, Kubota H, et al: Hepatic progenitors and strategies for liver cell
therapies. Ann N Y Acad Sci 944:398–419, 2001
Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of proteins from po-
lyacrylamide gels to nitrocellulose sheets: Procedure and some applica-
tions. Proc Natl Acad Sci USA 76:4350–4354, 1979
Trimble RB, Maley F: Optimizing hydrolysis of n-linked high-mannose oligo-
saccharides by endo-beta-n-acetylglucosaminidase h. Anal Biochem
141:515–522, 1984
Van Scott EJ, Ekel TM: Geometric relationships between the matrix of the hair
bulb and its dermal papilla in normal and alopecia scalp. J Invest De-
rmatol 31:281–287, 1958
Warren R, Chestnut MH, Wong TK, Otte TE, Lammers KM, Meili ML: Improved
method for the isolation and cultivation of human scalp dermal papilla
cells. J Invest Dermatol 98:693–699, 1992
Westgate GE, Shaw DA, Harrap GJ, Couchman JR: Immunohistochemical
localization of basement membrane components during hair follicle
morphogenesis. J Invest Dermatol 82:259–264, 1984
Wu XR, Sun TT: Molecular cloning of a 47 kda tissue-specific and differentiation-
dependent urothelial cell surface glycoprotein. J Cell Sci 106:31–43, 1993
Young RD: Morphological and ultrastructural aspects of the dermal papilla during
the growth cycle of the vibrissal follicle in the rat. J Anat 131:355–365,
1980
Yu DW, Yang T, Sonoda T, et al: Message of nexin 1, a serine protease inhibitor, is
accumulated in the follicular papilla during anagen of the hair cycle. J Cell
Sci 108:3867–3874, 1995
Yu DW, Yang T, Sonoda T, et al: Osteopontin gene is expressed in the dermal
papilla of pelage follicles in a hair-cycle-dependent manner. J Invest
Dermatol 117:1554–1558, 2001
Yu J, Lin JH, Wu XR, Sun TT: Uroplakins ia and ib, two major differentiation
products of bladder epithelium, belong to a family of four transmembrane
domain (4tm) proteins. J Cell Biol 125:171–182, 1994
Zaret KS: Hepatocyte differentiation: From the endoderm and beyond. Curr Opin
Genet Dev 11:568–574, 2001
A FOLLICULAR PAPILLA-SPECIFIC GENE 33125 : 1 JULY 2005
